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ABSTRACT

Hyperspectral Raman images of mineral components of trabecular and cortical bone at 3 mm spatial resolu-
tion are presented. Contrast is generated from Raman spectra acquired over the 600–1400 cm−1 Raman shift
range. Factor analysis on the ensemble of Raman spectra is used to generate descriptors of mineral compo-
nents. In trabecular bone independent phosphate (PO4

−3) and monohydrogen phosphate (HPO4
−2) factors are

observed. Phosphate and monohydrogen phosphate gradients extend from trabecular packets into the inte-
rior of a rod. The gradients are sharply defined in newly regenerated bone. There, HPO4

−2 content maximizes
near a trabecular packet and decreases to a minimum value over as little as a 20 mm distance. Incomplete
mineralization is clearly visible. In cortical bone, factor analysis yields only a single mineral factor containing
both PO4

−3 and HPO4
−2 signatures and this implies uniform distribution of these ions in the region imaged.

Uniform PO4
−3 and HPO4

−2 distribution is verified by spectral band integration. © 1999 Society of Photo-Optical Instru-
mentation Engineers. [S1083-3668(99)00301-9]
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1 INTRODUCTION

Bone formation is not a single process, but a collec-
tion of distinct pathways to synthesize calcified
tissues.1 In developing embryos, the process in-
cludes the proliferation and commitment of mesen-
chymal cells to the skeletal lineage; the patterning
of anlage, which is associated with progenitor cell
proliferation, migration, and differentiation; and
the growth and remodeling of skeletal tissues into a
mature form. In postnatal organisms, the bone for-
mation process involves both physiological growth
and remodeling and pathological repair and regen-
eration (i.e., following injury).

Bone is well understood as a composite material
that consists of a hydrated, collagen-rich extracellu-
lar matrix and carbonated calcium phosphate.1

However, the fundamental chemical mechanisms
dictating the formation of an organized composite
are unknown. A clearer understanding of the chem-
istry of bone formation can lead to improved pre-
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vention and therapy for congenital deformities and
metabolic disorders as well as for fracture manage-
ment.

The thermodynamically most stable mineral in
bone is a nonstoichiometric calcium phosphate ar-
ranged in an apatitic lattice, although there may be
other mineral phases present in the earliest stages
of mineralization.2 In fully mineralized lamellar
bone, the calcium phosphate lattice contains sub-
stantial amounts of carbonate and small, but readily
observable, amounts of monohydrogen phosphate.
Smaller amounts of fluoride, chloride and other
ions may also be present. As bone advances from
the initial stages of formation to full maturity, the
degree of lattice substitution and mineralization
varies. In less mineralized bone there is a larger
relative amount of monohydrogen phosphate and a
smaller relative amount of carbonate.3,4

Bone macroscopic structure may be classified as
cortical or trabecular. Cortical bone is dense, com-
pact bone primarily located in the diaphysis or cen-
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tral length of long bones. Cortical bone is continu-
ously renewed through a process called
remodeling. Tissue is resorbed and then replaced in
a temporally and spatially coupled process. The
process that mediates cortical remodeling begins
with osteoclasts tunneling through the tissue mass
creating their own vascular supply and following a
trajectory nearly parallel to the shaft of the diaphy-
sis. The tissue newly synthesized by the osteoblasts
forms an osteon, a tubular structure with concentric
lamellae. Mineralization within an osteon occurs at
a changing rate with the first 60% of the mineral
being deposited very rapidly and the remainder
very slowly.5 Different sectors of the cortical dia-
physis are remodeled at different rates, likely due
to regional variations in mechanical demands.6

Within a sector bone turnover is relatively uniform,
leading to subtle mineral gradients within the tis-
sue.

Trabecular bone, or spongy bone, consists of
plates and rods that create a lattice-like structure.
This structure provides a large effective surface
area resulting in enhanced load distribution and en-
ergy absorption. Trabecular bone is located at the
ends of long bones in the metaphysis and in verte-
brae. Like cortical bone, remodeling in trabecular
bone is also accomplished through resorption
coupled to formation, but the resulting microstruc-
ture is different from that of osteons. Bone at the
surface of a rod or plate is replaced by a longitudi-
nal bundle of tissue called a trabecular packet.
Lamellae are oriented along the length of the
packet. Calcium homeostasis causes remodeling in
trabecular tissue to occur more frequently than in
cortical tissue, and the newly deposited packets lo-
cated at the surfaces of trabeculae are much less
calcified than the more central tissue, leading to
sharp mineral gradients across trabecular plates
and rods.7

Vibrational spectroscopy has a long history in
bone and tooth chemistry. Most work has been per-
formed in the infrared, because protein fluores-
cence has hindered Raman spectroscopy with the
green lasers that dominated practice until the mid-
1980s. Typically, bone Raman spectra have been ob-
tained on deproteinated specimens. Although it is
possible that the deproteination process generates
artifacts, this approach has allowed the acquisition
of mineral spectra of mature and newly formed
bone with green laser excitation.8 In recent years,
the use of near-infrared lasers has solved the pro-
tein fluorescence problem. Fourier transform (FT)-
Raman spectroscopy has been used to obtain min-
eral and protein Raman spectra from bone.9,10

In the wake of recent technological advances, vi-
brational spectroscopic imaging is becoming in-
creasingly popular for the analysis of complex or-
ganized systems, such as bones and teeth. For
example, de Grauw et al. have used Raman micros-
copy to achieve 0.5 mm spatial resolution at 512
points along a line at the interface between crystal-
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line calcium phosphate and a section of bone.11

Dental adhesive diffusion into dentin has been im-
aged using Raman microspectroscopy.12 Marcott
et al. have reported 4096 pixel (33 mm333 mm pix-
els) infrared spectroscopic images of canine alveo-
lar bone tissue.13 They showed matrix and mineral
images, as well as a mineral maturity image. We
have reported hyperspectral Raman images of ma-
ture and newly regenerated canine trabecular bone
with 20 000 pixel (1.4 mm31.4 mm pixel)
definition.14 The images clearly showed the lowest
phosphate (PO4

−3) content in the newly modeled
bone. They also demonstrated that there is a severe
spectral overlap between the methacrylate mount-
ing media and phosphate n1 (958 cm−1).

Multivariate data reduction has been widely used
in magnetic resonance imaging15 and fluorescence
imaging.16 Our group has employed factor analysis
to extract information from sets of 500–2000 solu-
tion Raman spectra.17 We have applied the same
technique to Raman imaging to generate chemical
composition contrast in bone14 and in aluminosili-
cate glasses18 and crystallinity contrast in syndio-
tactic polystyrene.19

2 EXPERIMENTAL DATA

All bone samples were obtained from the Ortho-
paedic Research Laboratories at the University of
Michigan. In the current study both canine trabecu-
lar and human cortical bone were imaged.

2.1 TRABECULAR BONE SPECIMENS

A specimen was obtained from canine tibia in
which osteotomy surgery was performed and new
bone was allowed to spontaneously regenerate
within the osteotomy gap. The gap tissue was ex-
cised, fixed in 70% ethanol, embedded in a polym-
ethylmethacrylate (PMMA) resin using standard
protocols, and sectioned into 4031530.02 mm
slices. Because bone formation occurs from the sur-
gical margin inward, this specimen contained new
bone with a maturity/mineralization gradient, i.e.,
with the least mature bone nearest the center of the
osteotomy gap. Slices were mounted on a standard
glass microscope slide, as shown in Figure 1, so that
the gradient of bone formation was along the long
dimension of the slide.

The bone specimen was imaged at two locations
along the mineralization gradient. Area A was ma-
ture bone that was a distance from the defect wall
and area B was in the bone formation region, i.e.,
the trabecular bone in its earliest phases of miner-
alization.

2.2 CORTICAL BONE SPECIMENS

For comparison to trabecular bone, a fresh, unfixed
transverse section of human cortical bone was im-
aged. The specimen was an anterior femur diaphy-
sis of a 41-year-old male obtained from the Univer-
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Fig. 1 Schematic of a mounted canine trabecular bone specimen.
This is a longitudinal cross section of a cylindrical defect showing
the bone mineralization gradient along the long axis.
sity of Michigan Anatomical Donations Program.
Because of the difficulty of micromachining thin
sections of unmounted bone, a large specimen
block, 2 cm31 cm31 cm, was cut with a diamond
saw. The specimen was surface polished with pro-
gressive grades of silicon carbide paper and fin-
ished with a 0.25 mm diamond slurry. The speci-
men was stored frozen and imaged in a nitrogen
atmosphere to minimize the growth of aerobic bac-
teria.

2.3 HYPERSPECTRAL LINE IMAGING
SYSTEM

The hyperspectral line imaging system was de-
scribed previously in the literature.18–20 In the cur-
rent application, a 250 mW 785 nm laser (SDL, Inc.)
was used as the excitation source. A 53/0.25 nu-
merical aperture (NA) Fluar objective (Zeiss) was
used to illuminate the specimen and it collected
backscattered Raman-shifted light. At this magnifi-
cation the height of a charge coupled device (CCD)
pixel corresponds to 1.4 mm at the specimen. To
generate square pixels, the microscope stage was
incremented 1.4 mm/frame. The spectral resolution
was 8 cm−1. Typically, either 100 or 200 spectral/
spatial frames were acquired to yield 1003100 pixel
images (140 mm3140 mm) or 1003200 pixel images
(140 mm3280 mm). The anaerobic chamber for im-
aging unfixed bone was constructed by encasing
the microscope stage in a flexible plastic chamber
and blowing a stream of house nitrogen through it.

All data analysis was performed in MATLAB
(Mathworks, Inc.) using vendor-supplied and lo-
cally written scripts. Before applying any multivari-
ate techniques the cosmic events (spikes) were fil-
tered out of the data and the data were corrected
for curvature resulting from spectrograph geom-
etry.

Details of the factor analysis procedure are given
elsewhere.18 In brief, the covariance matrix of the
corrected data set was calculated and it was used to
generate the principal components (eigenvectors).
Factors were constructed from the first few princi-
pal components and were chosen to account for
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99.99+% of the total signal generated. The number
of components to be retained was determined by
inspection of the scree plots of the eigenvalues and
confirmed by inspection of the score images of the
first few eigenvectors. Although the eigenvectors
retained give a mathematical representation of the
chemical species in the data, they are linear combi-
nations of the underlying Raman spectra and the
eigenvectors must be rotated to have physical
meaning, i.e., in order to represent Raman spectra.
The factor rotation was guided by non-negativity
and by second-derivative constraints that are
known to be valid for Raman spectra.

3 SPECTROSCOPIC CONSIDERATIONS

Table 1 lists mineral and matrix Raman bands of
trabecular and cortical bone identified in this study
as well as in previous work.10,21 Representative
spectra from the specimens are shown in Figure 2.

Table 1 Raman band assignments for bone.

Vibration

Canine
trabecular bone

(cm−1)

Human
osteonal bone

(cm−1)
Band positiona

(cm−1)

PO4
−3, n4 598 583 583

PO4
−3, n1 958 958 960

HPO4
−2, n3 1000 1003 1003

PO4
−3, n3 1032 1031 1028–1055

CO3
−2, n1 1065 1070 1070

Amide III 1243 1244 1245

CO3
−2, C=O

stretch
1274 (weak) 1270 1270

C-H bending 1450 1447 1450

Amide I Not observed 1660 1660

a From Refs. 9 and 10.

Fig. 2 Representative Raman spectra of PMMA-mounted canine
trabecular bone and fresh human cortical bone. The small arrow
indicates the phosphate n1 band, which is a shoulder on the stron-
ger PMMA band.
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Fig. 3 (a) Bright-field transmission image of canine trabecular
bone, 200 mm3400 mm. (b) Bright-field reflectance image of hu-
man cortical bone 800 mm31400 mm.
In mature bone, the principal spectroscopic markers
are the PO4

−3 asymmetric stretch (n3 , ;1030 cm−1)
and the PO4

−3 symmetric stretch (n1 , ;960 cm−1).22

Because the mineral lattice is heavily substituted
with carbonate, the carbonate bands at 1070 and
1270 cm−1 are readily identified. In newly formed
bone and in matrix vesicles spectral bands charac-
teristic of monohydrogen phosphate (HPO4

−2) are
seen. Collagen bands are also observed.

Figure 2 shows spectra from both specimens. The
solid spectrum clearly demonstrates the spectral in-
terference of the mounting media, PMMA, and of
PO4

−3 n1 . An arrow points to the PO4
−3 band that

appears as a shoulder on a much larger PMMA
band. The most common alternative mounting me-
dia, epoxy based resins, have a clear window
around the phosphate n1 stretch, but interfere with
the HPO4

−2 stretch near 1000 cm−1. In general, the
spectrum of any mounting medium is likely to
overlap at least some bands in the bone spectrum.
Only unfixed unmounted bone completely avoids
the spectral interference problem. However, it is
necessary to image unmounted bone frozen or in an
anaerobic chamber to prevent bacterial growth.

4 RAMAN IMAGES OF MATURE AND
NEWLY FORMED TRABECULAR BONE

Figure 3 contains light microscope images of the
two bone specimens. Small regions of these speci-
mens were chosen for Raman imaging. The appear-
ance of both specimens is normal.

Figure 4 shows two factors and their correspond-
ing score (Raman factor contrast) images from ma-
ture trabecular bone. A total of six factors is needed
to describe the data set. Two of these are the Raman
background and residual fluorescence, probably
from iron. Another two are PMMA Raman scatter.14

These factors do not contain information on bone
chemistry and are not shown here.

The factor of Figure 4(a) is representative of the
Raman signal from PO4

−3 and that of Figure 4(b) in-
dicative of the Raman signal from HPO4

−2. The fac-
JOU
tors represent Raman signatures, but do not contain
information as to the intensity on the ordinate axis.
Instead, information regarding the intensity is lo-
cated in the intensities of the score images. In a
nonstoichiometric material in which the composi-
tion varies from point to point factor analysis does
not necessarily yield complete Raman spectra. In-
stead, the factors correspond to the signatures of
spatially varying structural motifs or components
such as ions. Similar behavior is observed in alumi-
nosilicate glasses.18

The PO4
−3 factor is dominated by the 958 cm−1

band and the score image maps the location of the
most fully mineralized bone strut. The HPO4

−2 factor
is dominated by the 1000 cm−1 band and maps in-
completely mineralized bone. This bone specimen
is mature bone, but even in mature bone there are
sites of remodeling where new bone formation and
regeneration occur to some extent.

In trabecular bone, remodeling occurs from the
surface, so the most mature bone is located in the
interior of the mineralized region. The degree of
bone maturity decreases toward the edges of each
strut. In addition, the surfaces of the trabeculae
have a region of relatively unmineralized bone (os-
teoid). As a result, these surfaces present an oppor-
tunity to observe a phosphate ion gradient. Figure
4(b) shows areas of incompletely mineralized bone.
These are clearest at the right edge of the strut.

Previously researchers have concluded there
would be no penetration of the PMMA into mature
bone.23 Therefore we would expect the PMMA and
phosphate images to be complementary, as we have
shown.14

The score images shown are all of 275 mm3140
mm areas, with spectral resolution of 8 cm−1. None
of the images has been smoothed. We define our
spatial resolution to be the length of 2 pixels, or 2.8
mm. Using the Rayleigh criterion at 850 nm, the
wavelength of a 1000 cm−1 Raman shift, the
diffraction-limited spatial resolution for our 53/
0.25 NA objective is approximately 2.1 mm.24 The

Fig. 4 Factors and score images of a 275 mm3140 mm region of
mature canine trabecular bone strut. (a) PO4

−3; (b) HPO4
−2. The

score image contrast was adjusted for clarity.
31RNAL OF BIOMEDICAL OPTICS d JANUARY 1999 d VOL. 4 NO. 1
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Fig. 5 Factors and score images of a 275 mm3140 mm region of
newly modeled canine trabecular bone strut. (a) PO4

−3; (b) HPO4
−2.

The score image contrast was adjusted for clarity.
measured width of the line projected on the speci-
men is 2.660.2 mm. Although we have not done so
here, it is possible to design transfer optics to
project a larger image on the spectrograph slit. That
change and a 1.3 mm stage increment could be used
to generate images with somewhat better spatial
resolution. Of course, much better spatial resolution
can be achieved by operating with an objective of
higher NA. In these experiments we have traded
resolution for a larger field of view.

In Figure 5 the PO4
−3 and HPO4

−2 score images for
newly modeled trabecular bone are shown. Again,
these images are derived from two of the six factors
needed to describe the data. The four background
and the PMMA factors are not shown. The field of
view and spectral and spatial resolutions are the
same as those in the mature bone specimen image
of Figure 4.

The PO4
−3 score image, Figure 5(a), does reveal

some mineralization, but it is discontinuous and the
Raman contrast is less intense than it is in mature
bone. In fact, to make the contrast visible for repro-
duction in print, the PO4

−3 contrast in Figure 5(a) has
been stretched threefold. This adjustment was not
necessary for the mature bone PO4

−3 score image of
Figure 4(a), or for any other image shown in this
article. In the newly formed bone small amounts of
PMMA can be found penetrating into the mineral-
ized region. Polymer penetration occurs in this case
because the bone matrix is not yet completely min-
eralized. A comparison of Figures 5(a) and 5(b),
which contains the HPO4

−2 score image, shows that
the HPO4

−2 is located spatially along the edges of the
strut as it is in the mature bone region. In the newly
modeled bone, however, the HPO4

−2 region is fairly
uniform and extends approximately 20 mm into the
PO4

−3 region. HPO4
−2 is also found outside the PO4

−3

boundary. This phosphate is probably in trabecular
packets.

The Raman contrast along a representative line
through the strut is plotted in Figure 6. The plot
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shows the phosphate species distribution across
this newly formed trabecular strut. This plot shows
PO4

−3 increasing towards the interior of the strut.
The steep gradient in HPO4

−2 content in the interior
is clear. The HPO4

−2 signal falls to the background
noise level within as little as 20 mm. The formation
of PO4

−3 is more gradual.

5 RAMAN IMAGES OF AN OSTEONAL
REGION OF FRESH CORTICAL BONE

In contrast to the trabecular bone specimen, factor
analysis of the cortical bone specimen does not
yield separate factors for PO4

−3 and HPO4
−2. Instead,

a single factor representing mineral content is re-
covered. This factor contains characteristic frequen-
cies of PO4

−3 and HPO4
−2. This factor and the mineral

content score image are shown in Figure 7. The
10 000 pixel image is 140 mm3140 mm at 2.8 mm
spatial resolution, 8 cm−1 spectral resolution. Be-
cause only one mineral factor can be isolated, the
spatial distribution of the two phosphate ions must
be identical to within the resolution limits of our
imaging system.

To verify this interpretation of our data, we gen-
erated univariate images from the integrated areas

Fig. 6 Phosphate ion distribution across a newly modeled trabe-
cular strut (normalized for total intensity).

Fig. 7 The mineral content factor and the score image of a 275
mm3140 mm region of human cortical bone.
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Fig. 8 Univariate band integration images of the cortical bone
specimen in Figure 7. (a) PO4

−3; (b) HPO4
−2; (c) ratio image,

PO4
−3/HPO4

−2.
under the PO4
−3 958 cm−1 band and the HPO4

−2 1003
cm−1 band, respectively. These images are shown in
Figures 8(a) and 8(b). Figure 8(c) is simply the
pixel-by-pixel ratio of Figures 8(a) and 8(b). The ra-
tio image is almost uniform throughout and con-
firms that the two ions track one another.

The uniformity of phosphate ratios is consistent
with locally uniform levels of tissue maturity. Cor-
tical bone is remodeled less frequently than trabe-
cular bone, and this reduces the probability of iden-
tifying a region with distinct spatial gradients in
phosphate ratios. The region imaged is situated be-
tween two closely spaced osteons and it is quite
possible that there is no area where the
PO4

−3/HPO4
−2 ratio changes by an amount that is

detectable with our technique. It should be noted
that the images in Figure 8 are approximately 10
times the magnification of the bright-field image in
Figure 3(b).

In Figures 8(a) and 8(b) there are light areas
around the osteon. These may be areas of higher
mineral content adjacent to the osteon or they may
simply be artifacts of epi-illumination of an irregu-
lar surface. This is currently under investigation.

6 CONCLUSIONS

Raman imaging is a powerful tool for the study of
bone chemistry. Any chemical or structural infor-
mation contained in the underlying vibrational
spectra can be used for contrast. We have reported
only mineral images, but matrix-based images can
be generated. Because the spectra are obtained at
800–900 nm, micron spatial resolution is readily
achieved and can be exploited to study the bound-
ary region between mineralized tissue and the ma-
trix vesicles from which it is generated. High defi-
nition images are easily acquired. The good spatial
resolution and the high definition will be useful in
future studies of bone formation chemistry.
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